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Normal and superconducting states of MgCNi3 upon Fe and Co substitution
and external pressure

T. Geetha Kumary,* J. Janaki, Awadhesh Mani, S. Mathi Jaya, V. S. Sastry, Y. Hariharan, T. S. Radhakrishnan,
and M. C. Valsakumar

Materials Science Division, Indira Gandhi Centre for Atomic Research, Kalpakkam 603 102, India
~Received 18 February 2002; published 15 August 2002!

Results of our study on the superconducting and normal-state properties of the recently discovered super-
conductor MgCNi3, the effect of Fe and Co substitution at the Ni site and the effect of pressure are reported.
It is shown that a two band model provides a consistent interpretation of the temperature dependence of the
normal-state resistance and the Hall constant. Whereas band structure calculations suggest an increase inTc

upon partial substitution of Ni with Fe and Co, Co substitution quenches superconductivity and Fe substitution
leads to an increase followed by a decrease inTc . The observed variation ofTc may be explained in terms of
competition between an increase inTc due to increase in density of states and a decrease due to spin fluctua-
tions. Based on these results, it is suggested that the spin fluctuations are weaker in Fe doped samples as
compared to the Co doped ones. An initial decrease inTc ~and the normal-state resistance! followed by an
increase is observed on application of pressure. The decrease inTc for small applied pressures can be under-
stood in terms of the decrease in the density of states at the Fermi level. The subsequent increase inTc with
pressure is due to a lattice softening or a structural phase transition, consistent with the band structure calcu-
lations. It is conjectured that suppression of spin fluctuations by pressure may also be responsible for the
observed increase inTc at higher pressures.

DOI: 10.1103/PhysRevB.66.064510 PACS number~s!: 74.25.Fy, 74.25.Jb, 74.62.Dh
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I. INTRODUCTION

The recent discovery1 of superconductivity in the interme
tallic compound MgCNi3 has initiated a number of studie
aimed at elucidating the nature of its normal and superc
ducting states. Apart from the fact that it is the first know
superconducting compound which has a perovskite struc
without oxygen, the interest is mainly due to the preferen
of superconductivity over ferromagnetism which is rath
unexpected in a compound whose main ingredient is Ni.
proposing an electronic analogy with the superconduc
oxide perovskites, Heet al.1 suggested that holes in the Nid
states might be responsible for electrical conduction in
compound. The signs of the measured Hall constant2 and
thermoelectric power3 are, however, consistent with norm
state transport occurring mainly due to electronlike carrie
Most of the normal-state transport properties, such as
electrical resistivityr(T), Hall coefficientRH(T) and ther-
moelectric powerS(T), show unusual temperature depe
dence. They are not amenable to a single unified descrip
encompassing the low- and high-temperature regimes.
example, the Hall coefficient is almost temperature indep
dent below 140 K, but, its magnitude decreases2 with in-
crease in temperature above 140 K. Even though the con
tional Bloch-Gruneisen expression provides a good fit ab
70K, a power law seems2 to be better forr(T) below 70 K.
An electronic crossover occurring atT* ;50 K was
proposed3 to account for these anomalies. The normal-st
NMR properties of MgCNi3 are also anomalous4 and similar
to what is seen in the exotic superconductor Sr2RuO4.
Observation5 of a zero bias conductance peak in the tunn
ing spectrum is argued to be a signature of unconventio
pairing ~as in the case of Sr2RuO4) in this compound. The
0163-1829/2002/66~6!/064510~9!/$20.00 66 0645
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NMR measurement4 below Tc , on the other hand, shows
coherence peak whose magnetic field dependence is co
tent withs-wave pairing. The temperature dependence of
electronic specific-heat belowTc is consistent6 with the con-
ventional electron-phonon mechanism for superconductiv
Analysis1 of the specific heat data suggests that this co
pound is a moderately strong-coupled~electron-phonon cou-
pling constantl ;0.77) superconductor. The observed2 tem-
perature dependence ofHc2 is typical of a conventional
superconductor in the dirty limit. Thus a complete und
standing of the superconducting and normal states of
compound is yet to emerge.

There have been a number of first principle electro
structure calculations using tight binding linear muffin t
orbital ~TB-LMTO!,7–9 full potential linear muffin tin orbital
~FP-LMTO!,10 and full potential linear augmented plan
wave~FP-LAPW!11–13 methods, within the local density ap
proximation ~LDA !, to understand the electronic and ma
netic properties of MgCNi3 and related compounds. LDA
1U calculations14 on MgCNi3 with U55 eV yields essen-
tially the same band structure as that of the LDA, indicati
that electron-correlation effects of Ni-3d electrons are unim-
portant in this compound. This is consistent with the fact t
the measured value of the Wilson ratio15 is only 1.15, typical
of a system with modest electron-correlation effects. The
sults of these calculations are quite sensitive to the meth
employed and also to the numerical values of the parame
The general features of the band structure~which, however,
are essentially the same in all these calculations! can be
briefly summarized as follows: There is a strong hybridiz
tion between the Ni-3d electrons and the C-2p electrons and
thus carbon plays the crucial role of the mediator of elect
hopping. Two of the bands cross the Fermi levelEf and
©2002 The American Physical Society10-1
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hence both of them contribute to conduction. The density
states at the Fermi level@N(EF)# is predominantly due to
Ni-3d electrons. One of the distinguishing features of t
density of states of this compound is a sharp peak aroun
meV ~its location is very sensitive to the method of calcu
tion! below EF arising from thep antibonding states o
Ni-3d and C-2p states. The Stoner enhancement16 is moder-
ately strong to cause ferromagnetic spin fluctuations, but,
strong enough to obtain a ferromagnetic ground state.

It is well known that the perovskite structure is conduci
to a variety of interesting physical phenomena such as su
conductivity, magnetism, colossal magnetoresistance,
Soon after the announcement1 of the discovery of supercon
ductivity in MgCNi3, TB-LMTO calculations were
performed7 to obtain guidelines for synthesis of related co
pounds with interesting physical properties. The results
the calculations for the pristine MgCNi3 are consistent with
the reports now available in the literature.8–13 Our calcula-
tions showed that MgCMn3, MgCFe3, and MgCCo3 may
form, but they would be magnetic. Replacement of Mg w
other alkaline-earth elements Ca, Sr, and Ba would be in
esting. For example, CaCNi3 , CaCFe3, and SrCCo3 would
be magnetic, whereas SrCNi3 , BaCNi3, and CaCCo3 would
be nonmagnetic. As mentioned earlier, band structure ca
lations showed that the Fermi level in MgCNi3 lies towards
the right side of a peak in the density of states~DOS! N(E).
Removal of half an electron per formula unit would shift t
Fermi level to the peak in the DOS. Within the rigid ban
approximation~RBA!, this can be achieved by substitutio
of Ni3 by Ni5/2Co1/2 or Ni11/4Fe1/4. Our spin-polarized super
cell calculations for MgCNi32xMx showed an increase~but
much less than the RBA estimate! in N(EF), and more im-
portantly,absenceof a magnetic moment, forx51/4 and 1/2
(M5Co) andx51/4 (M5Fe). Hence an increase inTc is
expected untilx51/2 for M5Co and x51/4 for M5Fe.
Furthermore, our calculations suggest a structural instab
when the lattice parameter is changed either way. In part
lar, a lattice instability is conspicuous~in the calculation! at a
modest estimated pressure of;2 GPa. Hence effect of ap
plication of pressure in this system would also be interest
In what follows, we present the results of our analysis17,18of
the normal-state resistance, the variation in superconduc
properties upon Fe and Co substitution, and the effec
pressure on the superconducting transition temperature
normal-state resistance of MgCNi3.

II. SAMPLE PREPARATION AND CHARACTERIZATION

In addition to the pure MgCNi3, a series of compound
MgCNi32xMx (x50.05, 0.15, and 0.30 forM5Fe; x
50.05, 0.10, 0.20, and 0.40 forM5Co) were prepared in
order to investigate the effect of hole doping. The samp
were prepared by following the solid state reaction route
scribed by He et al.1 Starting materials used were M
~99.8%!, Ni ~99.99%!, Fe ~99.999%!, Co ~99.99%!, and
amorphous carbon~99%!, all in the form of powder. 20%
excess of Mg is taken in the starting mixture in order
compensate for the loss of Mg due to evaporation. Also
excess of 50% C is taken to obtain the optimum carb
06451
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stoichiometry1 in the compound. The raw materials we
mixed thoroughly and were pressed into pellets. The pel
were subjected to the heating schedule described by
et al.,1 in an atmosphere of 92% Ar and 8% H2.

The crystal structure of all the samples are characteri
by x-ray diffraction. Ac susceptibility and four-probe dc re
sistance have been measured in the range 4.2–300 K u
home-made dipsticks. The high pressure resistance mea
ment has been carried out for the pristine MgCNi3 using a
pressure locked opposed Bridgman anvil apparatus19 using
the four-probe method. A superconducting Pb manomete
used for pressure calibration. We have also characterized
microstructure of MgCNi3 with SEM.

III. RESULTS AND DISCUSSION

The x-ray patterns of the undoped and doped samples
consistent with a perovskite structure with the space gr
Pm3̄m. Small amounts of unreacted Ni~2–5 %! and MgO
impurity (,2%) were present in some of the samples. E
cept for these blemishes, all the samples are of good qua
with sharp x-ray diffraction peaks. The XRD pattern f
MgCNi3 is shown in Fig. 1 as an example. The lattice p
rameter for the unsubstituted MgCNi3 was found to be 3.810
(60.0004) Å which is in agreement with the values r
ported in the literature. No significant change in lattice p
rameter was noticed upon partial substitution of Ni with
or Co. This observation is consistent with the very sm
variation of the lattice parametera(x50)53.806 Å, a(x
53)53.802 Å, seen in the study of MgCNi32xCox by Ren
et al.20

The variation of resistanceR with temperatureT of the
pristine MgCNi3 is shown in Fig. 2. It can be seen that th

FIG. 1. X-ray diffraction pattern of pristine MgCNi3. The lines
marked with an asterisk correspond to unreacted Ni.
0-2
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NORMAL AND SUPERCONDUCTING STATES OF MgCNi3 . . . PHYSICAL REVIEW B 66, 064510 ~2002!
shapeof the R(T) curve presented here is very similar
those reported by Heet al.1 and Li et al.2 The residual resis-
tivity ratio of this sample@R(300 K)/R(10 K)# is 2.2 simi-
lar to that obtained by Heet al.1 However, themagnitudeof
the resistivity obtained in this study is approximately
times more than that of Heet al.1 and 10 times that of Li
et al.2 This discrepancy can be understood in terms of
possible differences in the microstructure that can be
pected from the fact that unlike in the study of Heet al.,1 our
samples were not subjected to high pressure sintering. Fi
3 shows an SEM pattern of one of the MgCNi3 samples. The
fractal character of the sample, which is quite evident fr

FIG. 2. Resistance as a function of temperature for pris
MgCNi3. The continuous line is a fit to a two band model of co
duction. The normal state resistance is plotted as a function of t
perature on a log-log scale in the inset to show that the fit is ind
very good in the entire range.

FIG. 3. Microstructure of a MgCNi3 sample. Fractal-like char
acter of the sample can be seen.
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this photograph, entails a much longer and corrugated p
~as compared to the bulk! for the electrons. This makes th
usual procedure of multiplying the resistance by the~exter-
nal! area/length of the sample to get the resistivityr
erroneous.21 Since the actual path length of the electrons
such a poorly connected medium is longer than that in
bulk, the apparent resistance will be larger than what is
pected from a scaling based merely on the exter
geometry.21 Hence there is a need for a geometric renorm
ization while converting resistance into resistivity in sinter
samples. Our sample is more loosely packed~compared to
that of Heet al.1! and hence the larger apparent resistivity
our sample. A superconducting transition with an onset~mid!
Tc of 8.13 K ~7.69 K! is observed~90–10 % of the transition
width DTc50.34 K). The ac susceptibility measureme
~see Fig. 7! shows a lowerTc ~onsetTc57.35 K) consistent
with the values reported in literature.1

A. Analysis of normal state resistance

Assuming compliance with Matheissen’s rule, we ha
tried to fit the normal-state resistance of MgCNi3 with the
expression for a conventional metal

R~T!5A1BT21CG~T,Q!. ~1!

In Eq. ~1!, the constantA represents the contribution to re
sistance from electron-impurity scattering,BT2 term ac-
counts for the contribution to resistance from electro
electron scattering and also from spin fluctuations, and
last term represents the electron-phonon scattering. In o
to get some insight into the nature of the~transport! electron-
phonon coupling functiona tr

2F(v), the fitting was performed
with two possible functional forms forG(T,Q): ~1! the
Bloch-Gruneisen function

G~T,Q!5S 1

zD nE
0

z

dx
xn

@~ex21!~12e2x!#
, z5

Q

T
,

n53 or 5,

that takes into account the scattering of the electrons with
the ~acoustic! phonons, and~2! the Einstein form

G~T,Q!5
z

~ez21!~12e2z!
, z5

Q

T

which allows for coupling of the electrons with a specifi
phonon mode. We found that the Einstein model gave a
ter fit to the resisitivity data of MgCNi3 at ambient and high
pressures than the Bloch-Gruneisen model. This cle
shows that the electron-phonon coupling functiona tr

2F(v) in
MgCNi3 is sharply peaked at the frequencyv* given by
\v* 5kBQ, wherekB is the Boltzmann constant.

The coefficientB obtained using the fit turns out to b
negative and also the fitted value of the Debye tempera
(Q;110 K) is too low. If we substitute this value ofQ and
the reported value of the electron phonon coupling cons
(l50.77) in the McMillan’s formula forTc given by

e

-
d
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Tc5S QD

1.45DexpS 21.04~11l!

l2m* ~110.62l! D , ~2!

we get the superconducting transition temperatureTc;4 K,
much less than the experimental value~we have takenm* to
be 0.1!.

This and the reported2 temperature variation of the Ha
constant are consistent with a two band model of conduc
involving ‘‘light’’ electrons coupled to low-frequency
phonons and ‘‘heavy’’ holes coupled to high-frequen
phonons.7 As mentioned in the Introduction, band structu
calculations22 show that two bands cross the Fermi level~see
Fig. 4! one almost full~designated as band a! and the other
nearly empty~band b!. There are equalnumberof electron-
like and holelike charge carriers23 in this compound and the
effective mass of the holelike carrier is almost ten times t
of the electronlike carrier. Therefore the normal-state elec
cal conduction will be mainly due to electrons and hence
can expect the Hall constant to be negative. However, b
the electrons and holes will be contributing to the conduc
ity s(T) and hences(T) will be the sum of the conductivi-
tiesse(T) andsh(T) due to the electrons and holes, respe
tively. Therefore the effective resistivityr(T) can be written
as

r~T!5A01
re~T!rh~T!

re~T!1rh~T!
, ~3!

where re(T)51/se(T) and rh(T)51/sh(T) , and A0 is a
constant added to take care of the effect of defects in
sample. In Eq.~3! re(T) andrh(T) have separate tempera
ture dependences

FIG. 4. Density of states corresponding to the two bands
cross the Fermi level. One band is nearly empty and the othe
almost full.
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re,h5Ae,h1Be,hT21Ce,hG~T,Qe,h!. ~4!

With Be and Bh both positive, it is possible to obtain a
effective resistivity such that a fit with Eq.~1! would give a
negativeB.

The continuous line in Fig. 2 is a fit24 of the normal-state
resistanceR(T) using the two band model for conductio
given by Eq.~3!. It can be seen from the figure that the fit
very good—the root mean square fractional deviation

A1

N (
i 51

N S rexpt~Ti !2rfit~Ti !

rexpt(Ti)
D 2

between the observed (rexpt) and fitted (rfit) values of the
resistivities, is found to be less than 0.0015.Qe (;110 K)
obtained from the fit is seen to be smaller thanQh
(;250 K). That is, the electronlike carriers are coupled
low-frequency phonons as compared to holelike carri
which are coupled to higher frequency phonons. Assum
the value of the hole-phonon coupling constantl to be the
same as that obtained from the specific heat measurem1

we get aTccomparable to the experimental value. Thus
can infer that superconductivity in MgCNi3 is due to holelike
carriers. Sincere(T) is much less thanrh(T), the effective
resistivityr(T) will be close tore(T) and hence the value o
Q that one gets with a fit ofr(T) to Eq. ~1! will be close to
Qe .

Assuming phonons associated with rotation and breath
of CNi6 octahedra to be important for superconductivity
MgCNi3, Singh and Mazin11 performed a frozen-phonon
zone-corner calculation of the electron-phonon interact
parameterl. Their calculations showed that the octahed
rotation mode~with the estimated frequency;105 cm21

5151 K) has a larger coupling with the charge carriers th
the breathing mode ~with the estimated frequenc
;349 cm215502 K). Detailed investigations are nece
sary to see if the charge carriers that couple to the octahe
rotation modes are holelike or not. It is also worth inves
gating the effect of anharmonicity on the mode frequen
and l. The question is will the frequency of the octahed
rotation mode get renormalized from 151 to;250 K which
is inferred to be important for superconductivity on the ba
of the analysis of resistivity?

The reported variation of the Hall constantRH(T) can
also be qualitatively explained in the two band model. T
Hall constantRH(T) is the weighted sum of the Hall con
stantsRHe and RHh due to the electrons and holes, respe
tively, and it is given by

RH5
~RHese

21RHhsh
2!

~se1sh!2 5RHe

F12S re

rh
D G

F11S re

rh
D G . ~5!

Since the number of electrons is equal to the number of h
RHh52RHe and henceRH,0. If d/dT(re /rh).0, then the
magnitude ofRH also will decrease with temperature thu
explaining the reported Hall effect behavior. We thus see t
a consistent interpretation of the temperature dependenc

at
is
0-4
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both the normal state resistivity and the Hall constant can
achieved by invoking a two band model of conduction.
remains to be seen whether the same physical picture
provide a satisfactory interpretation of the anomalies see
the thermopower and NMR relaxation rate.

We have also tried to study the effect of the proximity
the peak in the density of states~van Hove singularity! close
to the Fermi level on the resistivity. It is seen7 that the chemi-
cal potentialincreaseswith temperature. As a result of this
some of the electrons from the almost filled band go to
almost empty band@the number of electronsnb(T) in the
almost empty band increases at the expense of the numb
electronsna(T) in the almost full band23#. Thus the numbers
of both electronlike and holelike carriers increase with te
perature. As can be seen from Fig. 5, carrier concentra
increases by approximately 4% when the temperature
raised from 0 to 300 K. This is one of the reasons why
resistivity is not linear in temperature even in the hig
temperature regime.

B. Effect of Fe and Co substitution

Figures. 6 and 7 represent the superconducting transit
traced by the resistance and susceptibility measurement
spectively for the Co substituted compounds. The transi
temperature decreases monotonically with increase in
concentration, similar to the results now available in t
literature.20,25The variation of the midpointTcwith respect to
x, the Co concentration, is shown as an inset of Fig. 6. T
decrease in the diamagnetic signal~and hence the supercon
ducting volume fraction! can also be seen in Fig. 7, whic

FIG. 5. Temperature dependence of the concentrationne(T) and
nh(T) of electronlike and holelike carriers~Ref. 23!, respectively.
Both of these increase by;4% when temperature increases from
to 300 K.
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again is consistent with the results reported in the literatur25

Fe substitution, on the other hand, leads to an increase iTc
followed by a decrease. The superconducting transiti
traced for the Fe substituted compounds are shown in Fig

FIG. 6. R vs T for the Co substituted samples for various co
centrationsx of Co. Tc decreases and the transition widthDTc

increases monotonically withx. Tc corresponding to the midpoint o
the resistive transition is shown in the inset.

FIG. 7. acx vs T for the Co substituted samples for variou
concentrationsx of Co. Tc as well as the diamagnetic signal~hence
the superconducting volume fraction! decreases withx.
0-5
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and 9. The maximumTc is obtained when the Fe concentr
tion is 0.05. The onset of the superconducting transition
curs at 9 K for this sample in our resistivity scan. Increasin
Fe concentration beyond 0.05 is found to suppressTc . The
inset of Fig. 8 represents the midpointTc as a function of Fe
concentration.

FIG. 8. R vs T for the Fe substituted samples for various co
centrationsx of Fe.Tc corresponding to the midpoint of the supe
conducting transition is shown in the inset. Notice the nonmo
tonic behavior ofTc .

FIG. 9. acx vs T for the Fe substituted samples.
06451
- An increase inTc was expected for Fe substitution un
x50.25 and for Co substitution tillx50.5, on the basis of a
simple minded interpretation of the results of the band str
ture calculations. However, we observed a monotonic
crease inTc for Co substitution and an increase followed b
a decrease for Fe substitution. These results are clear
variance with what is expected from the band structure c
culations. The observed variation inTc can be explained in
terms of an increase inTc due to increase in the density o
states and a decrease due to spin fluctuations: As menti
in the Introduction, NMR measurements4 have shown exis-
tence of ferromagnetic spin fluctuations in MgCNi3. Also,
magnetic susceptibility measurements have demonstr
that Co doping enhances spin fluctuations in MgCNi3.25 If
we assume the pairing in MgCNi3 is of s-wave type, then it
will be suppressed by coupling of electrons~more precisely,
the holes! with spin fluctuations. Since we get an increase
Tc for small concentrations of Fe, we believe that the s
fluctuation effect will be relatively less for Fe substitute
compounds as compared to that of Co substituted ones.
is to be verified experimentally.

C. Effect of pressure

Figure 10 shows the variation of the total energy as
function of V/V0 (V0 is the equilibrium volume! obtained
from our band structure calculations.7,22 Our calculations
suggesttwo lattice instabilities in the range@0.9684,1.0277#
of V/V0 that has been explored in the present study. The
is a clear change in slope atV/V0;0.985 and the other is a

-

-

FIG. 10. Total energy of MgCNi3 as a function ofV/V0, where
V0 is the equilibrium volume, obtained from band structure calc
lations. Notice the abrupt change of slope nearV/V0;0.985 as well
as the nonmonotonic behaviour nearV/V0;1.02.
0-6
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blip at V/V0;1.018. In order to gain some insight into th
nature of these instabilities, we looked at the variation ofEF

~the Fermi energy!, N(EF) ~the DOS at the Fermi level!, and
the postition of the Fermi level vis-a-vis the peak in the DO
with V/V0. Both EF andN(EF) varied almost linearly with
V/V0. However, EF decreased significantly~by ;25%),
whereasN(EF) showed a marginal increase~by ;5%)
when V/V0 increased from 0.9684 to 1.0277. The Fer
level remained to the right of the peak in DOS for the ent
range ofV/V0 ~that we have explored!. That is,EF did not
pass through the peak in DOS. In order to see if the incre
in Stoner enhancement factor@that follows from the increase
in N(EF)# drives a magnetic instability, we performed spi
polarized total energy calculations. These calculations un
biguously established that MgCNi3 is nonmagnetic in the
cubic perovskite structure when 0.9684<V/V0<1.0277.
Identification of the ground state structure of MgCNi3 at
various pressures is an open problem worth pursuing.

Of the two instabilities mentioned above, the one
V/V0;0.985 occurs at a positive pressure and hence a
nable to high pressure studies. The calculated~using TB-
LMTO! bulk moduli of MgCNi3 and fcc Ni are 210 and 250
GPa, respectively. The measured bulk modulus of fcc Ni,
the other hand, is 180 GPa. Thus the LDA calculation o
estimates the bulk modulus. We correct for this discrepa
by scaling the calculated bulk modulus by a factor 180/2
~the ratio of the measured and calculated bulk moduli of
Ni! and thus estimate the bulk modulus of MgCNi3 to be 151
GPa. With this value of the bulk modulus, we expect t
lattice instability to occur at a pressure;2 GPa. It is known
that there is no structural or magnetic phase transition
MgCNi3 as the temperature is varied, at ambient pressur26

But, there is no investigation of the structure of MgCNi3 at
high pressure. It would be of interest to do high press
x-ray diffraction on MgCNi3 to see if the predicted lattice
instability indeed occurs or not. Here we report the results
resistivity measurement up to a pressure;7 GPa.

The superconducting transitions and the temperature
pendence of resistivity of MgCNi3 traced for different exter-
nal pressures are shown in Fig. 11.Tc is found to decrease
with increasing pressure up to;1.7 GPa and itincreases
beyond this pressure. Figure 12~a! depicts the variation of
the onsetTc with respect to the applied pressure. T
normal-state resistance also shows a similar trend as ca
inferred from Fig. 12~b!, where the variation of the resistanc
at 10 K is plotted as a function of the applied pressure. T
the variation ofTc with pressure is consistent with the b
havior expected of a superconductor with the conventio
electron-~hole! phonon mechanism–the larger the norm
state resistivity, the higher theTc . Band structure calcula
tions show a monotonic decrease inN(EF) with pressure.
This would imply a monotonic decrease in the electro
phonon coupling constantl, if there is no phonon softening
The fit of the resistance to Eq.~1! showed an increase inQ
with pressure upto 2 GPa and a decrease thereafter.
implies a lattice softening commencing at 2 GPa. If we
sume the usual scaling@l;N(EF)/Q2# of the electron-
~hole! phonon coupling constant with the density of sta
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and the Debye temperatureQ, and calculateTc using Mc-
Millan’s formula, we find a variation ofTc with pressure that
qualitatively matches with the experimental observation. I
not yet clear whether the decrease inQ with pressure beyond
2GPa is due to a softening of a particular phonon mode

FIG. 11. R vs T of pure MgCNi3 for various pressures. The
normal state resistance decreases until a critical pressure;2 GPa
and increases thereafter.

FIG. 12. ~a! Tc as a function of pressure,~b! R10 K as a function
of pressure. The continuous lines are guides to the eye. Notice
correlation betweenTc andR10 K .
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due to a structural phase transition. Another mechanism
contributes to the increase inTc would be the suppression o
spin fluctuations by pressure, thereby enhancing pairing.

Before concluding, we would like to touch upon the ro
of carbon, in relation to superconductivity, in this compoun
It is known27 that this compound can form with variableC
stoichiometry. However, superconductivity is absent1,27when
the C content is less than;0.9. We have performed ban
structure calculation~using TB-LMTO! of MgC0.875Ni3 by
constructing an appropriate supercell.7 The density of states
at the Fermi level thus calculated is almost the same as
of MgCNi3. Furthermore, MgC0.875Ni3 is nonmagnetic as pe
this spin-polarized calculation. Thus the absence of su
conductivity in MgCNi3 below a C concentration;0.9 is
also surprising. We have, however, found a factor of 2 red
tion in the height of the peak in DOS close to the Fer
level. This would support the proposal13 of a possible con-
nection between the van Hove singularity and supercond
tivity in MgCNi3.

IV. CONCLUSIONS

To conclude, we have synthesized MgCNi3 and analyzed
its superconducting and normal-state properties. We h
also studied the effect of hole doping at the Ni site and
effect of application of pressure on MgCNi3. It is found that
a two band model for conduction provides a framework
,
,

s

s

.
,

,

,

t
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r

consistently explaining the observed temperature depend
of the normal-state resistance and the Hall constant. Co s
stitution quenches superconductivity, whereas Fe substitu
causes an increase inTc followed by a decrease. This may b
understood in terms of a competition between increase inTc
due to increase in the density of states at the Fermi level
a decrease due to spin fluctuations. We speculate that
fluctuations in Fe substituted samples are weaker than in
Co substituted samples. In fact, it is known25 that there is an
enhancement of spin fluctuations by Co substitution
MgCNi3. The observed nonmonotonic variation ofTc with
pressure may also be pointing out the importance of s
fluctuations vis-a-vis superconductivity in MgCNi3. The de-
crease inTc for small applied pressures can be understood
terms of the decrease in the density of states at the Fe
level. The subsequent increase inTc with pressure is sugges
tive of a lattice softening or a structural phase transitio
consistent with the total energy calculations. More expe
mental and theoretical efforts are needed to understand t
issues better.
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